Large eddy simulations were carried out in order to investigate the influence of unsteady wakes with different profiles on the loss mechanisms of the T106A linear LPT cascade. The upstream bars were set into rotation around their axis, thus generating circulation as well as asymmetrical wake profiles. Two different rotation rates were simulated yielding different wake parameters that were then compared to an actual turbine blade wake profile. It has been found that the commonly used non-rotating bars generated wakes several times stronger than that of a blade. Both wakes were able to trigger early boundary layer transition and thus intermittently prevent separation on the suction surface. However, the weaker wakes resulted in a larger and longer-lasting separation bubble. Interestingly, the bigger separation bubble, in combination with the weaker wakes, resulted in an overall lower loss. 
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INTRODUCTION
The low-pressure turbine (LPT) in a jet engine makes up 20-30% of its total weight and its dimension is restricted by the diameter of the jet engine casing. Furthermore, the rotational speed of the LPT and hence the prevalent flow velocities are bounded to the operational range of the fan, which is driven by the turbine. Typical Reynolds numbers range from 0.5 × 10 5 to 5.0 × 10 5 (Hodson and Howell, 2005) . In order to lower the operational cost of a jet engine the weight of a turbine can be reduced by decreasing the blade count. As a consequence, each blade has to generate more lift and thus experiences a higher loading (Hodson and Howell, 2005) . In the Reynolds number range in which an LP turbine operates boundary layer transition and separation play an important role and have to be taken into account in the design process. Owing to the higher loadings, the boundary layers on the suction and the pressure side of the blade are exposed to larger adverse pressure gradients leading to unsteady transitional boundary layers . Hodson and Howell (2005) states that as the flow on the pressure side still accelerates in the direction of the trailing edge the boundary layer remains laminar in most cases. Thus, the boundary layer on the suction surface of the blade makes the main contribution to the twodimensional profile loss. A laminar separation bubble develops on the suction surface on the rear part of the blade due to the adverse pressure gradient. The separation bubble is highly sensitive to unsteady incoming wakes and disturbed flow in the LP turbine (Hodson and Howell, 2005) .
In order to simplify both experiments and simulations, a setup with moving bars upstream of the rotor is commonly used to generate velocity wakes (Ladwig and Fottner, 1993; Engber and Fottner, 1995; Wu et al., 1999; , which are also referred to as 'negative jets' (Meyer, 1958) . In an extensive study Halstead et al. (1997) exposed three forms of boundary layer transition on blades in a turbine cascade caused by incoming wakes. Hodson and Howell (2005) found in their experimental investigations that wakes impinging on the blade increase the skin-friction and thus create more losses. They also ascertained that the incoming wakes can prevent laminar separation and the development of a separation bubble due to the induction of early transition. This means that, since the size of the separation bubble is related to the loss of efficiency (Coull and Hodson, 2011) , wakes can reduce the overall loss compared to cases without wakes. The effect is strongest for highly loaded blades where a large separation bubble is present in steady cases without incoming wakes.
The aim of this work is to investigate the effect of wakes that are more similar to actual blade wakes in terms of intensity, asymmetry and width. In order to do so, the well known Magnus effect is exploited by setting the bars into rotation around their axis (Prandtl, 1925) . The influence on the loss mechanisms of the cascade are then investigated.
NUMERICAL METHOD
An in-house solver, called HiPSTAR, was used in order to run simulations of the linear low-pressure turbine. It solves the compressible Navier-Stokes equation for ideal gas on multiblock structured curvilinear grids. The Navier-Stokes equations are transformed from a (z, r) coordinate system into a generalised (ζ, η) coordinate system. Only the streamwise (axial) and pitchwise coordinates are mapped, which allows for an independent spanwise grid and thus less memory consumption .
For the spatial discretisation in the streamwise and lateral directions a fourth-order accurate compact finite difference scheme was used (Kim and Sandberg, 2012) . In order to increase the numerical stability a skew-symmetric splitting of the non-linear terms in the NS equations is applied (Kennedy and Gruber, 2008) . The spanwise direction is assumed to be periodic and is discretised by a Fourier transformation by means of the FFTW library (Frigo and Johnson, 2005) . The time discretisation is done by a five-step fourth-order Runge-Kutta scheme introduced by Kennedy et al. (2000) .
DNS simulations of the T106A linear low-pressure turbine cascade have been validated by measurements of Stadtmüller (2001) . In another extensive study of Michelassi et al. (2015) , who also used HiPSTAR, LES simulations of the T106A LPT cascade have been validated based on the DNS results. The wall-adapting local eddy-viscosity (WALE) sub-grid model of Nicoud and Ducros (1999) was used. The same model was also used for the LES simulations within this study.
Soft inflow and non-reflecting outflow boundary conditions based on Kim and Lee (2000) were chosen. Characteristic interface conditions introduced by Kim and Lee (2003) were employed in order to connect the interfaces between domains. For the realisation of the relative motion between the wake generating bars upstream and the turbine blade the sliding interface condition of Johnstone et al. (2015) was applied. The bars were represented by the boundary data immersion method (BDIM) proposed by Weymouth and Yue (2011) . This allowed for a simple Cartesian grid and the flexibility to alter the bar position and geometry. Prior to this study the BDIM has been validated for aero-vibro-acoustic DNS simulations (Schlanderer and Sandberg, 2015) .
The grid for the cascade itself was generated by means of a multi-block Poisson grid generator for cascade simulations (Gross and Fasel, 2008) . The setup and domain decomposition of the linear low-pressure turbine with two wake generating bars is shown in figure 1 . Periodic boundary conditions for the pitchwise and spanwise directions were applied. The two bars are located 0.7 chord-lengths c upstream of the blade's leading edge (x LE = 0.0) with a bar pitch of P bar = P blade /2 = 0.4995, based on the cascade blade pitch P blade . The diameter is chosen to be D = 0.02c, which is the same as the round trailing edge diameter of the turbine blade. In order to achieve a relative motion between the bars and the blade the two upstream blocks are connected to the cascade grid via the mentioned sliding interface. Using 32 Fourier modes for the spanwise discretisation and 181,632 grid points in the plane, resulted in a total grid node count of 11,987,712 for the 3D LES simulations. With a distance of ∆y/c ≈ 3.5 · 10 −4 for the first grid point from the blade surface a ∆y + ≈ 2 is achieved. However, in the aft region of the blade where flow transition and separation occurs, ∆y + drops well below 1. This ensures DNS resolution at the critical spot and eliminates the need to rely on the LES model.
The inlet velocities, Mach and Reynolds numbers for all simulations were chosen such that the isentropic Reynolds number results in around Re is,2 = 100,000 and the isentropic Mach number approximates M is,2 = 0.4, see table 1. Both, the isentropic Mach number M is,2 and the isentropic Reynolds number Re is,2 are defined based on the exit velocity V is,2 at 'Section 2' (x 2 = 1.26C). Here, P r and S denote the Prandtl number and the Sutherland constant, respectively. In addition, the flow coefficient was set to
with the axial velocity V ax and the bar sliding velocity U bar = 0.41. This resulted in a reduced frequency of approximately
There are two main reasons behind choosing these parameters together with the two bar setup. Firstly, based on the results of Michelassi et al. (2015) it is evident that distinct wakes enter the cascade passage without mixing out for configurations with a bar count of two or less. Secondly, the advantage of choosing two bars rather than one is that there is less simulation time needed for gathering time and phase-locked averaged statistical data, as the wake passing frequency is higher. 
with the angular velocity ω, the bar diameter D and the free stream velocity U ∞ , were simulated. In other words, α = 0.0, denoted by R 0c , has zero rotation, i.e. stationary, and α = 1.0 (R 1c ) rotates with a tangential velocity u t = U ∞ . Time and phase-locked averaged statistics were gathered in order to investigate the flow field. For the time-averaged statistics, data for 16 flow-through times was collected and then averaged over the spanwise direction and time. For the phase-locked averaging, each bar passing period, defined by
with the bar count n bar , was divided into 24 phases and each phase was then averaged over 16 bar passing periods T .
RESULTS

Time-averaged flow field
At first the time-averaged wake data of the non-rotating bars, the rotating bars and the turbine blade are compared. In order to do so, wake profile data perpendicular to the wake centre lines at three different positions 5.5D, 11D and 16.5D, based on the bar diameter D, downstream of the bars and blade were extracted. The centre lines were found by determining the peaks of the velocity deficits in the bar and blade wakes. The normalised turbulent kinetic energy k (top) and the velocity deficit profiles U def (bottom) are shown in figure 2 , where k is normalised by the square of the local velocity and U def by the local velocity. As can be seen, the stationary bars create symmetric wakes with high levels of turbulent kinetic energy. Skewed and weaker profiles are achieved by the rotating bars which are more similar in shape to the actual blade wake. However, the turbulent kinetic energy is still a factor of two higher. The same is true for the velocity deficits, where the non-rotating bar causes a much stronger wake deficit compared to the blade wake. Again, the rotating bar provides a more similar wake.
In order to be able to compare the effects of two different wakes on the linear LPT, the same angle of attack α 1 for the blade needs to be maintained. Due to the rotation of the bars the flow direction and thus α 1 was altered by up to 4
• , see table 2. To account for that change, the pitchwise velocity component at the inlet plane had to be iteratively adjusted. Note that the streamwise component had to remain fixed to establish the same mass flow rate. As shown in table 2, due to the change in the pitchwise velocity, the rotating bars itself experience a slightly lower Reynolds number. However, the remainder of the flow field keeps unaltered and the results in the following sections can be solely attributed to the difference between the wakes. The time-averaged plots of the pressure coefficient C P and the skin friction τ w on the suction surface in figure 3 do not reveal striking differences between the two cases. However, towards the aft-portion of the blade a separation bubble for the R 1c case, which starts at around x/C ax ≈ Phase-locked averaged flow field Phase-locked averaged results enable the tracking of the wakes passing through the cascade at different time instants. As already mentioned, one bar passing period was divided into 24 phases, which were then averaged over a total of 16 periods.
The phase-locked averaged turbulent kinetic energy k for both cases at the same time instant is shown in figure 4 . As can be seen, the wake of the non-rotating bar case is much more pronounced compared to the wake of the rotating bars. The typical wake distortion, as described by Smith (1966) , and an increase in turbulent kinetic energy in the passing wake close to the suction surface, as observed by other authors as well (Michelassi et al., 2003; Hodson and Howell, 2005) , is apparent for both cases. The levels of k in the wakes are much higher in the case of the non-rotating bars and finally merge with the wake of the blade.
In order to investigate the effects on the cascade blades a space-time diagram is shown in figure 5 . The skin friction on the suction surface is plotted along the streamwise direction x, normalised by the axial chord length c ax , for three bar passing periods t/T . The white spots denote skin friction levels below zero, i.e. flow separation. Qualitatively, both cases look quite similar for the major part of the blade as already observed for the time-averaged results. The skin friction levels on the mid-span seem to be slightly higher for the non-rotating case. However, in the aft portion, a much larger and longer lasting bubble can be observed. Hence, increases in losses are to be expected compared to the non-rotating case, as the size of the separation bubble is related to loss generation (Coull and Hodson, 2011) . The reason for the larger separation bubble can be explained by looking at the incoming wakes passing through the passage, see figure 4 . Owing to the sensitivity of the separated flow to inflow disturbances, like incoming wakes, the weaker wakes of the R 1c case seem to be less effective in reducing the size of the bubble. This is also consistent with the literature (Sarkar, 2009) , who states that the low frequency part of the wake (wake deficit) causes Kelvin-Helmholtz roll-ups and the high frequency parts of the wake (turbulent structures) trigger transition on the separation bubble with the roll-ups. On the other hand, weaker impinging wakes on the blade do not locally increase the skin friction as much as stronger wakes, which can also be observed in the space-time diagram.
Losses
The losses in a cascade can be quantified by the total pressure loss Ω = (p t,1 −p(y) t,2 )/(p t,1 − p 2 ), where p t,1 is the mass averaged total pressure calculated at 'Section 1', p 2 is the mass averaged static pressure at 'Section 2' and p(y) t,2 is the total pressure profile at 'Section 2'. The loss profile plot for both cases is shown in figure 6 . The wake loss peaks are slightly shifted and in the rotating bar case slightly wider, probably due to the larger separation bubble, which also deflects the wake by a different angle . Surprisingly, for the case with the larger separation bubble, the peak loss value is slightly lower. Furthermore, in the passing wake region the losses for the R 0c case are marginally elevated overall. The mixed-out losses, defined by (Prasad, 2005) , for different time instants is presented in figure 7 . The time-averaged values are denoted by the constant gray lines and reveal that the overall losses are slightly lower for the rotating bar case. When looking at the different time instants it is apparent that both cases reach a quite similar minimum loss at around t/T = 0.3. However, from t/T = 0.6 onwards, much higher losses are generated in the R 0c case. The space-time diagrams in figure 5, taking into account that the losses are extracted further downstream, i.e. a delay between both plots, give a clearer picture. The separation bubble for both cases starts at around t/T = 0.4 − 0.5, which explains the increase in mixed out losses for t/T > 0.6. Due to the prevention of the separation bubble for earlier time instants, the losses decrease and thus only the passing wakes affect the mixedout losses. The deviation between the cases from t/T = 0.1 to 0.25 can be attributed to the influence of the larger separation bubble of the rotating bar case. As a conclusion, the interaction between the stronger incoming wakes of the case R 0c and the blade wake leads to considerably higher maximum losses, even though a much larger separation bubble is present in the weaker wake case. This shows that the blade design process might be improved by considering wakes generated by rotating bars or actual turbine blades. However, as already mentioned, the reduced frequency was chosen such that distinct wakes enter the blade passage. For higher reduced frequencies the strength of the wakes might not be that important anymore, as wake mixing occurs before the blade's leading edge (Michelassi et al., 2015) . Moreover, as added inlet turbulence and higher Reynolds numbers can positively affect the losses , the importance of the wake strength might change as well.
CONCLUSIONS
Large eddy simulations of the T106A linear low-pressure turbine cascade were carried out. Two different wake profiles were achieved by means of different bar rotation rates. By setting the wake generating bars into rotation, it was possible to achieve similar wakes compared to an actual blade wake in terms of asymmetry and wake width. Furthermore, it has been shown that the strength of the wakes for the non-rotating bars, which are commonly used, are several times stronger than a blade wake. The rotating bars generated more reasonable wake profiles in that regard. However, even higher rotation rates need to be simulated in order to see whether the wakes can be further 'improved'.
The effect of the two different wake profiles on the loss mechanisms of the low-pressure turbine was also considered. Mean pressure and skin friction profiles of the blade differed only in the rear part of the blade's suction surface, where a separation bubble could be observed in case of the rotating bar setup. A space-time diagram of the skin friction on the suction surface revealed a markedly bigger and longer-lasting separation bubble per blade passing period. A reason for this might be the weaker wake boundary-layer interaction and thus the positive effect of earlier transition is less pronounced. It was also shown that the overall loss was lower for the rotating bar case, even though a larger and longer-lasting separation bubble is present.
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